Caspase-8 plays an essential role in apoptosis triggered by death receptors. Through the cleavage of Bid, a proapoptotic Bcl-2 member, it further activates the mitochondrial cytochrome c/Apaf-1 pathway. Because caspase-8 can be processed also by anticancer drugs independently of death receptors, we investigated its exact role and order in the caspase cascade. We show that in Jurkat cells either de®cient for caspase-8 or overexpressing its inhibitor c-FLIP apoptosis mediated by CD95, but not by anticancer drugs was inhibited. In the absence of active caspase-8, anticancer drugs still induced the processing of caspase-9, -3 and Bid, indicating that Bid cleavage does not require caspase-8. Overexpression of Bcl-x L prevented the processing of caspase-8 as well as caspase-9, -6 and Bid in response to drugs, but was less eective in CD95-induced apoptosis. Similar responses were observed by overexpression of a dominant-negative caspase-9 mutant. To further determine the order of caspase-8 activation, we employed MCF7 cells lacking caspase-3. In contrast to caspase-9 that was cleaved in these cells, anticancer drugs induced caspase-8 activation only in caspase-3 transfected MCF7 cells. Thus, our data indicate that, unlike its proximal role in receptor signaling, in the mitochondrial pathway caspase-8 rather functions as an amplifying executioner caspase.
Introduction
Apoptotic cell death can be activated by a variety of stimuli including death receptor ligation, chemotherapeutic drugs and UV-or g-irradiation. As pleiotropic these stimuli might be, they all lead to the ®nal demise of the cell characterized by shrinkage, chromatin condensation, DNA fragmentation, membrane blebbing and the proteolytic activation of intracellular proteases, known as caspases . Caspases are the central mediators of programmed cell death and comprise a family of at least 14 dierent members in mammalian cells. They are cysteine proteases which cleave their substrates after a speci®c aspartate residue (Cohen, 1997; Cryns and Yuan, 1998; Los et al., 1999) . Caspases are synthesized as catalytically inactive proenzymes and need to be activated by proteolytic cleavage. They consist of a prodomain followed by a region that forms the two subunits with the catalytic domain (Thornberry and Lazebnik, 1998) . The apoptotic program is instigated by initiator caspases that in turn trigger an amplifying cascade of eector caspases. Eector caspases, such as caspase-3, -6 and -7, contain only a small prodomain and cleave diverse cellular substrates including gelsolin, fodrin, poly(ADP-ribose)polymerase (PARP), ICAD/ DFF45 and others (Stroh and Schulze-Ostho, 1998) . Initiator caspases contain a long prodomain and exert regulatory roles by activating downstream eector caspases. Activation of initiator caspases is mediated by binding of adaptor molecules to protein interaction motifs in their prodomains. Two general types of interaction have been identi®ed (Martin et al.,1998; Muzio et al., 1998; Srinivasula et al., 1998) . Procaspase-8 and -10 each contain two tandem death eector domains (DEDs), while procaspase-1, -2, -4 and -9 contain a caspase recruitment domain (CARD). In each case, the procaspases bind to adaptor molecules containing similar domains leading to caspase oligomerization and subsequent activation.
The induction of the endogenous death machinery can be initiated via two principal signaling pathways. One involves the ligation of death receptors, such as CD95, TNF-R1, TRAMP and the receptors for TRAIL, which are characterized by an intracellular death domain (DD) . Amongst the dierent death receptors the death pathway of CD95 is the best characterized. Trimerization of CD95 by its natural ligand CD95L or agonistic antibodies recruits the adaptor molecule FADD (MORT1) to the receptor via mutual interaction of their DDs. FADD in turn recruits procaspase-8 (FLICE) through interaction between the DEDs of FADD and procaspase-8. Upon formation of this death-inducing signaling complex (DISC) procaspase-8 is autoproteolytically activated. Apoptosis mediated by death receptors can be disrupted by so-called FLICE-inhibitory proteins (FLIPs). Mammalian cells express cellular FLIP (c-FLIP) as two splice variants: c-FLIP S consisting of two DED motifs, and c-FLIP L which additionally contains a catalytically inactive caspase domain (Irmler et al., 1997; Srinivasula et al., 1997; Goltsev et al., 1997) . Since c-FLIP associates with FADD or caspase-8, it was suggested to inhibit death receptor-mediated apoptosis by displacing DED-containing caspases from the DISC (Irmler et al., 1997; Srinivasula et al., 1997; Hu et al., 1997) .
Another death pathway that is triggered by a number of apoptotic stimuli such as anticancer drugs or irradiation, is initiated at the mitochondrion by the release of cytochrome c (Cohen, 1997; Cryns and Yuan, 1998; Ferrari et al., 1998; Wesselborg et al., 1999; Bantel et al., 1999; Belka et al., 1999) . In the cytosol, cytochrome c together with dATP binds to the Ced-4 homolog Apaf-1. This event exposes the CARD of Apaf-1 and enables the subsequent binding and activation of procaspase-9 via CARD/CARD-interaction (Li et al., 1997b) . In contrast to the death receptor pathway, the mitochondrial cytochrome c/Apaf-1-pathway is positively or negatively regulated by pro-and anti-apoptotic members of the Bcl-2 family. Death agonists such as Bcl-x S , Bax, Bak, Bad and Bid induce cytochrome c release, whereas the death antagonists Bcl-2, Bcl-x L , Bcl-w, A1 and Mcl-1 prevent apoptosis by blocking the cytosolic relocalization of cytochrome c (Yang et al., 1997; Kluck et al., 1997; Adams and Cory, 1998) . Recently, it has been discovered that both the death receptor and mitochondrial pathway can be interconnected via the activation of Bid. Bid is directly cleaved by caspase-8, whereupon the C-terminal BH3 domain-containing fragment of Bid triggers cytochrome c release Luo et al., 1998) .
The molecular mechanism by which anticancer drugs mediate apoptosis is controversial. It has been demonstrated that chemotherapeutic drugs induce the expression of CD95 and CD95L. Therefore, it was proposed that drug-induced apoptosis is mediated in a paracrine or autocrine loop via CD95/CD95L interaction, analogously to T cell receptor-mediated cell death (Friesen et al., 1996; Fulda et al., 1997a Fulda et al., , 1998 MuÈ ller et al., 1997; Herr et al., 1998; Dhein et al., 1995) . However, there are also reports indicating that anticancer drugs induce apoptosis independently of death receptors Wesselborg et al., 1999; Eischen et al., 1997; Gamen et al., 1997; Villunger et al., 1997; Fulda et al., 1997b; Tolomeo et al., 1998) . In CD95-negative Jurkat cells and cells expressing a dominant-negative FADD mutant we have recently shown that anticancer drugs induce apoptosis and caspase activation to a similar extent as in normal cells . By blocking the mitochondrial cytochrome c/Apaf-1 pathway through depletion of cytosolic ATP we further demonstrated that the mitochondrion is indispensable for anticancer drugmediated activation of caspases . Most interestingly, caspase-8 was also activated by anticancer drugs in the absence of death receptor signaling Wesselborg et al., 1999) , although it remains unclear whether death receptorindependent activation of caspase-8 is physiologically relevant. Since the DED of FADD has structural resemblance with the CARD motif (Qin et al., 1999; Day et al., 1999) , it may be speculated that caspase-8 could be recruited to Apaf-1, in a similar fashion as caspase-9. In fact, it has been demonstrated that caspase-8 can interact with Apaf-1 or its homolog Ced-4 (Chinnaiyan et al., 1997; Hu et al., 1998) , and that in some instances caspase-8 is necessary for Ced-4 mediated cell death (Han et al., 1998) . In addition, in vitro data showed that caspase-8 can directly activate several caspases including caspase-3, -6, -7, -9, and -10 (Srinivasula et al., 1996) , suggesting that it may act as an initiator caspase in dierent forms of apoptosis.
In the present study we therefore asked the following questions: does caspase-8 exert an essential role also in the mitochondrial death pathway and if so, does it function upstream or downstream of the mitochondrion? To address these points we used a variety of cell clones which were either devoid of individual caspases or which expressed proteins interfering with dierent steps of the apoptotic cascade, such as c-FLIP, Bcl-2, Bcl-x L , or dominant-negative caspase mutants. Our data demonstrate that, in contrast to the CD95 pathway, in anticancer drug-induced apoptosis (i) cytochrome c release is caspase-independent, (ii) caspase-8 activation is a postmitochondrial event, (iii) Bid cleavage can occur downstream of mitochondria even in the absence of caspase-8 and (iv) that, although caspase-8 may serve as an ampli®er of apoptotic signals, it is not necessarily required for drug-induced apoptosis. We therefore suggest that caspase-8, which is the most proximal element in death receptor signaling, functions rather as an eector caspase in the mitochondrial pathway.
Results

Activation of caspase-8 occurs in the absence of death receptor signaling
We have recently demonstrated that stimulation of death receptors is not a prerequisite for anticancer drug-induced apoptosis . In CD95-negative Jurkat cells and HeLa cells stably expressing a dominant-negative mutant of FADD, we showed that anticancer drugs and irradiation activated caspase-8 in the absence of the death-inducing signaling complex (DISC) Belka et al., 1999) . To investigate further whether caspase-8 activity is required for the induction of apoptosis by anticancer drugs, we used a Jurkat cell line stably expressing c-FLIP, a speci®c caspase-8 inhibitor. In Jurkat vector control cells stimulation with anti-CD95 or the death receptor-independent stimuli staurosporine, etoposide and mitomycin C induced the cleavage of the two isoforms of procaspase-8 (p53/p55) into the intermediate forms of 41 and 43 kDa, respectively (Figure 1a) . After a longer exposure of the immunoblot also the p18 active subunit of caspase-8 was detected (data not shown). Caspase-3 and its substrate PARP were cleaved by the same stimuli to a similar extent ( Figure  1a ). All agents also potently induced apoptosis ( Figure  1b) . Interestingly, expression of c-FLIP strongly suppressed CD95-mediated activation of caspase-8, caspase-3 and PARP cleavage, but only partially aected caspase activation and induction of cell death by staurosporine, etoposide and mitomycin C ( Figure  1a,b) . Thus, the expression of the caspase-8 inhibitor c-FLIP preferentially suppressed apoptotic events mediated by death receptors, but had minor eects on drug-induced cell death. Therefore, expression of the c-FLIP resulted in almost the same activation pattern as observed in Jurkat-R cells which were resistant to CD95 signaling ( Figure 1a ).
Anti-apoptotic Bcl-2 proteins block drug-induced cytochrome c release and caspase-8 activation Caspase-8 is linking death receptor signaling to the activation of the mitochondrial pathway by the cleavage of Bid, a pro-apoptotic Bcl-2 member Luo et al., 1998) . The previous experiments demonstrated that death receptors are not a prerequisite for anticancer drug-induced apoptosis and caspase-8 activation. The results, however, did not reveal whether anticancer drugs activate caspase-8 upstream or downstream of mitochondria. To address this question, we used Jurkat cells stably overexpressing Bcl-2 or Bcl-x L , which have been shown to inhibit the release of cytochrome c. Stimulation of vector control cells with anti-CD95 induced the release of cytochrome c, which was eciently blocked by the caspase inhibitor zVAD-fmk ( Figure 2a ). In contrast, the release of cytochrome c induced by etoposide or staurosporine was caspase-independent, as zVAD-fmk had no eect. The expression of Bcl-2 (Figure 2a ) or Bcl-x L (data not shown) strongly blocked the cytosolic relocalization of cytochrome c in response to both anti-CD95 and drug treatment. Despite this inhibition, however, overexpression of Bcl-2 or Bcl-x L had only minor eects on CD95-induced apoptosis, whereas both proteins could potently inhibit drug-induced cell death (Figure 2b, c) . To further investigate the eect of Bcl-2 proteins on mitochondrial events, we analysed the cleavage of Bid into its pro-apoptotic fragment as well as the proteolytic activation of the initiator caspase-9 and the eector caspase-6. Stimulation of vector control cells with both anti-CD95 and chemotherapeutic drugs resulted in the cleavage of Bid and the processing of caspase-9 and -6 ( Figure 3b ). These events were blocked by the caspase inhibitor zVAD-fmk. In Bcl-x L -expressing cells Bid cleavage and caspase-9 and -6 activation were partially suppressed in response to anti-CD95 and almost completely blocked following drug treatment.
The activation of Bid as well as of caspase-9 and -6 correlated with the cleavage of caspase-8 ( Figure 3b ). Stimulation of vector control cells with anti-CD95, etoposide or staurosporine induced caspase-8 activation. The expression of Bcl-x L fully prevented the cleavage of caspase-8 by death receptor-independent stimuli, but only attenuated the processing of caspase-8 after CD95 stimulation. A similar eect of Bcl-x L was observed, when caspase activities were measured in ā uorogenic substrate assay ( Figure 3c ). Taken together, these data demonstrate that anticancer drug-induced release of cytochrome c is not mediated by caspases upstream of mitochondria. Furthermore, these experiments reveal that drug-mediated activation of caspase-8 takes place downstream of mitochondria. Therefore, inhibition of caspases prevents the release of cytochrome c after CD95 triggering, but not after drug treatment.
Caspase-8 is not required for anticancer drug-mediated apoptosis
The activation of caspase-8 downstream of mitochondria opened the question whether caspase-8 functions as an initiator caspase in the mitochondrial death pathway, or whether it is a downstream target of caspase-9. It has been demonstrated that the DED motif resembles the CARD of caspase-9 and that caspase-8 could be recruited to Apaf-1. Thus, it was conceivable that caspase-8 acts as a prime caspase in the drug-induced mitochondrial pathway. In order to 6 CD95-sensitive (JurkatVector), CD95-resistant (Jurkat-R) or Jurkat cells expressing c-FLIP (Jurkat-FLIP) were incubated with medium (Control; 6 h), or stimulated with anti-CD95 (a-CD95; 1 mg/ml; 3 h), staurosporine (Stauro; 2.5 mM; 3 h), etoposide (Etopo; 25 mg/ml; 6 h) or mitomycin C (Mito; 25 mg/ml; 6 h). Cellular proteins were resolved by SDS ± PAGE and caspase activity was detected by cleavage of caspase-3, caspase-8 and the caspase-speci®c substrate PARP using immunoblot analysis. Open arrowheads indicate the uncleaved and ®lled arrowheads the cleaved form of the respective protein. (b) 3610 4 CD95-sensitive vector control cells (Vector; black bars) or Jurkat cells overexpressing c-FLIP (cFLIP; white bars) were stimulated with medium (Control), anti-CD95 (a-CD95; 1 mg/ml), staurosporine (Stauro; 2.5 mM), etoposide (Etopo; 25 mg/ml) or mitomycin C (Mito; 25 mg/ml) for 24 h. Induction of apoptosis was assessed by propidium iodide staining of hypodiploid apoptotic nuclei and¯ow cytometry. The mean values of triplicate cultures are shown address this point, we made use of a caspase-8-de®cient Jurkat clone (Juo et al., 1998) . Stimulation of the parental Jurkat A3 cells resulted in the cleavage of caspase-8 by anti-CD95, staurosporine and etoposide, whereas no detectable caspase-8 could be observed in the caspase-8 mutant cells (Figure 4 ). As previously shown (Juo et al., 1998) , the de®ciency in caspase-8 expression rendered these cells resistant to anti-CD95 (Figure 4b ), thus demonstrating its absolute requirement for CD95 signaling. Due to the lack of caspase-8 expression also no cleavage of caspase-3 and PARP could be observed upon CD95 triggering (Figure 4a ). This shows that at least in Jurkat cells caspase-8 cannot be bypassed by other initiator caspases such as Figure 2 Anticancer drugs induce caspase-independent cytochrome c release which is inhibited by Bcl-2. (a) Eects of the caspase inhibitor zVAD-fmk and Bcl-2 on cytochrome c release. 5610 6 Jurkat vector control cells (Vector) or cells stably transfected with Bcl-2 were pretreated with medium or 100 mM zVAD-fmk for 1 h and subsequently stimulated with medium (Control; 6 h), anti-CD95 (a-CD95; 1 mg/ml; 3 h), etoposide (Etopo; 25 mg/ml; 6 h) or staurosporine (Stauro; 2.5 mM; 3 h). Cells were then homogenized, and the S10 fraction depleted of mitochondria was subjected to 15% SDS ± PAGE. The release of cytochrome c into the cytosol was determined by immunoblotting and is indicated by a ®lled arrowhead. (b) Eect on apoptosis. 3610 4 Jurkat cells stably transfected with the vector alone (Vector) or with Bcl-x L or Bcl-2 were pretreated with medium (black bars) or 100 mM zVAD-fmk (white bars) for 1 h and subsequently stimulated with medium (Control), anti-CD95 (a-CD95; 1 mg/ml), etoposide (Etopo; 25 mg/ml) or staurosporine (Stauro; 2.5 mM) for 14 h. Assessment of apoptotic nuclei was accomplished by¯ow cytometry of propidium iodide-stained hypodiploid nuclei. The mean values of triplicate cultures are shown. (c) Eect of Bcl-2 and Bcl-x L on CD95-mediated apoptosis. Jurkat vector control cells or Bcl-2 and Bcl-x L overexpressing cells were treated for the indicated time with 1 mg/ml anti-CD95 (left panel) or with dierent concentrations of anti-CD95 for 16 h (right panel). The mean values of triplicate cultures are shown caspase-10. However in contrast to anti-CD95, stimulation of caspase-8 de®cient cells with staurosporine or etoposide induced the cleavage of caspase-3 and apoptosis to a similar extent as in the wild type cells (Figure 4a,b) . This activation was most likely mediated by caspase-9, since it was activated by the drugs, irrespectively of caspase-8 expression. Interestingly, Bid was also cleaved by death receptor-independent stimuli in the absence of caspase-8 (Figure 4a ). This demonstrates that caspase-8 is not the sole caspase capable of activating Bid. Thus, these data reveal that caspase-8 is not a prerequisite for death receptor-independent induction of apoptosis. However, the induction of apoptosis by anticancer drugs in the absence of caspase-8 did not rule out the possibility that caspase-8 was acting as an initiator caspase in parallel with caspase-9.
Caspase-9 is an indispensable element in the mitochondrial death pathway
In order to investigate whether caspase-8 can substitute for caspase-9 in the mitochondrial death pathway, we generated Jurkat cells stably overexpressing a dominant-negative caspase-9 mutant in which the cysteine in the catalytic center was mutated into an alanine residue. The overexpression of the tagged caspase-9 mutant was veri®ed by immunoblotting (data not shown). Stimulation of vector control cells with anti-CD95 or anticancer drugs such as etoposide induced the processing of caspase-9, caspase-6 and Bid (Figure 5a ). On the contrary, in Jurkat cells overexpressing catalytically inactive caspase-9 the cleavage of caspase-9, caspase-6 and Bid was attenuated in response to anti-CD95 and even more eectively following etoposide treatment. In order to validate these ®ndings, we further used HeLa cells, which stably expressed a truncated form of caspase-9 containing only the CARD-domain fused to a GFPconstruct (DCasp9), and electroblotted lysates of these cells for the processing of caspase-8. Stimulation of vector cells with anti-CD95 and etoposide induced the activation of caspase-8, whereas the overexpression of DCasp9 blocked the cleavage of caspase-8 by etoposide (Figure 5b ). The processing of caspase-8 by anti-CD95 was also strongly attenuated con®rming that HeLa cells are type-II cells that depend on the mitochondrial death pathway (Scadi et al., 1998) .
Caspase-8 and Bid cleavage are located downstream of caspase-9 and -3 in the mitochondrial pathway Caspase-8 is the most proximal caspase in death receptor signaling, because once activated it is responsible for the initiation of the caspase cascade, 6 Jurkat cells stably transfected with the vector alone (Vector) or with Bcl-x L were pretreated and stimulated as described in Figure 2a . Bid, caspase-9 and caspase-6 activation were detected by immunoblotting. Open arrowheads indicate the uncleaved and closed arrowheads the cleaved form of the indicated proteins. (b) Eect on caspase-8 activation. Jurkat vector control and Bcl-x L overexpressing cells were treated and analysed for caspase-8 activation as described in Figure 2a . (c) Jurkat vector cells and cells overexpressing Bcl-x L were pretreated and stimulated as described above. After 4 h of drug treatment, cell lysates were prepared, incubated with the¯uorogenic caspase substrate DEVD-AMC and measured in a spectro¯uorometer. Caspase activity is given in arbitrary units but also for Bid cleavage and mitochondrial cytochrome c release. In contrast, drug-induced activation of the mitochondrial pathway does not rely on the expression of caspase-8, whereas the central instigator appears to be caspase-9. In order to determine the exact location of caspase-8 in the mitochondrial pathway, we used the human breast carcinoma cell line MCF7. Recently it has been demonstrated that MCF7 cells are de®cient in caspase-3 expression (JaÈ nicke et al., 1998) and this may account for the inability of micro-injected cytochrome c to induce apoptosis in these cells (Li et al., 1997a) . Therefore, we reasoned that if caspase-8 is activated by caspase-3 downstream of caspase-9, it should not be activated by anticancer drugs. As shown in Figure 6 , MCF7 cells were devoid of caspase-3 and stimulation with staurosporine induced the activation of caspase-9, but had no eect on the processing of caspase-8 and Bid cleavage. Most interestingly staurosporine induced the activation of caspase-9 and -3 as well as of caspase-8 and Bid in MCF7 cells transfected with caspase-3. Therefore, these data clearly demonstrate that in the mitochondrial death pathway, caspase-8 is downstream of caspase-9 and that the activation of caspase-8 is dependent on the expression of caspase-3. This delineates a scenario where caspase-8 is functioning as an initiator caspase in death receptor signaling, but operates as an executioner caspase downstream of caspase-9 and -3 in death receptor-independent activation of the mitochondrial pathway.
Discussion
The current model of apoptosis suggests that after apoptotic stimulation activation of initiator caspases containing a large prodomain, such as caspase-8 and -9, leads to the proteolytic cleavage of downstream caspases, which ®nally mediate the apoptotic response. In the death receptor pathway, recruitment of FADD causes the binding of procaspase-8, which in turn undergoes oligomerization-induced activation (Muzio et al., 1996) . Depending on the cell type, caspase-8 directly activates downstream caspases including caspase-3 and -6. However, this direct pathway is complicated by the existence of an ampli®cation loop which is required for the execution of cell death in socalled type-II cells (Scadi et al., 1998) . In cases of low initial caspase-8 activation, the direct eect of Figure 4 Caspase-8 is not essential for anticancer drug-induced apoptosis. 2610 6 caspase-8 de®cient Jurkat cells (Casp8-mutant) or the parental cell line Jurkat A3 (wild type) were incubated in the presence or absence of 100 mM zVAD-fmk for 1 h and subsequently stimulated with medium (Control; 6 h), anti-CD95 (a-CD95; 1 mg/ml; 3 h), etoposide (Etopo; 25 mg/ml; 6 h) or staurosporine (Stauro; 2.5 mM; 3 h). Cellular proteins were separated by SDS ± PAGE, and the proteolytic processing of caspase-8, caspase-9, caspase-3, PARP, and Bid was detected by immunoblotting. Open arrowheads indicate the uncleaved and closed arrowheads the cleaved form of the indicated proteins. (b) 3610 4 caspase-8 negative Jurkat cells (Casp8-mutant) or parental Jurkat cells (wild type) were pretreated with medium (black bars) or 100 mM zVAD-fmk (white bars) for 1 h. Subsequently, cells were stimulated with medium (Control), anti-CD95 (a-CD95; 1 mg/ml), etoposide (Etopo; 25 mg/ml) or staurosporine (Stauro; 2.5 mM) for 24 h. Induction of apoptosis was determined by¯ow cytometry of propidium iodide-stained hypodiploid nuclei. The mean values of triplicate cultures are shown Caspase-8 functions as an executioner caspase in the mitochondrial pathway IH Engels et al caspase-8 on caspase-3 is ampli®ed by mitochondrial damage. In this scenario, caspase-8 activates the proapoptotic molecule Bid by removing its N-terminal domain, which allows the truncated Bid to translocate to mitochondria and induce cytochrome c release Luo et al., 1998) . Cytoplasmic cytochrome c then forms a complex with Apaf-1 which triggers the proteolytic activation of caspase-9 and downstream eector caspases (Li et al., 1997b) . In both systems caspase-8 is the most upstream caspase that is critically required for the induction of apoptosis by death receptors. Furthermore, studies of the in vitro processing of caspases have shown that caspase-8 can process many other caspases (Srinivasula et al., 1996) , suggesting that it may be a prime candidate for the initiation of several apoptotic pathways.
In the present study, we wished to investigate the role of caspase-8 in anticancer drug-induced apoptosis. For this purpose, a number of dierent cell clones were employed, which were either devoid of individual caspases or which expressed proteins interfering with discrete steps of the apoptotic cascade. It has been proposed that the CD95 system is involved in anticancer drug-induced cell death (Friesen et al., 1996; Fulda et al., 1997a Fulda et al., ,1998 MuÈ ller et al., 1997; Herr et al., 1998) . However, we and others have recently demonstrated that anticancer drugs induce apoptosis by a mitochondrial pathway that is independent of death receptors. This view is further strengthened by our present data showing that c-FLIP, an apoptosis inhibitor interacting with the DISC, completely inhibited CD95-induced apoptosis, but had only minor eects on drug-induced cell death. The reason for the controversial role of CD95 in drug-induced cell death is currently unclear. The con¯icting data might be explained in part by the use of dierent cell types, chemotherapeutic drugs or experimental conditions.
Although death receptors are not required for druginduced apoptosis, it was conceivable that caspase-8 activation occurs upstream of mitochondrial damage. However, the inhibitory eect of anti-apoptotic Bcl-2 proteins would contradict this idea, and rather indicates that caspase-8 activation occurs downstream of cytochrome c release. The prevention of cytochrome c release by Bcl-2 correlated with the inhibition of caspase-8 activation and the proteolytic cleavage of other caspases, such as caspase-9 and -6. Induction of Figure 5 Caspase-9 is an indispensable element in anticancer drug-mediated caspase activation. (a) 2610 6 Jurkat cells expressing the vector alone (Vector) or a dominant-negative mutant of caspase-9 (Casp9-DN), in which the active cysteine was mutated into an alanine (C287A), were stimulated with medium (Control; 6 h), anti-CD95 (a-CD95; 1 mg/ml; 3 h), or etoposide (Etopo; 25 mg/ml; 6 h). Cellular proteins were separated by SDS ± PAGE, and proteolytic processing of caspase-9, caspase-6 and Bid was determined by immunoblotting. The upper part of the caspase-9 blot shows an unspeci®c immunoreactive protein that served as control for equal protein loading. (b) Stable transfectants of HeLa cells expressing GFP alone (Vector) or a chimeric dominant-negative caspase-9 mutant, consisting of the CARD of caspase-9 fused to GFP (DCasp9), were treated as described in (a) and immunoblotted for the activation of caspase-8. Open arrowheads indicate the uncleaved and closed arrowheads the cleaved form of the indicated proteins Figure 6 Caspase-8 and Bid cleavage are located downstream of caspase-3 in the mitochondrial death pathway. 2610 6 caspase-3 de®cient MCF7 cells expressing the vector alone (Vector) or MCF7 cells stably transfected with caspase-3 were stimulated with medium (Control; 5 h) or staurosporine (Stauro; 2.5 mM; 5 h). Cellular proteins were separated by SDS ± PAGE, and proteolytic processing of caspase-3, caspase-9, caspase-8 and Bid was detected by immunoblotting. Open arrowheads indicate the uncleaved and closed arrowheads the cleaved form of the indicated proteins cell death was also completely prevented by Bcl-2 in response to drug treatment, whereas apoptosis triggered by CD95 was less strongly compromised. Finally, inhibition of caspases by zVAD-fmk completely inhibited cytochrome c release during CD95-induced apoptosis, but had virtually no eect in drug-induced cell death. These ®ndings therefore indicate that, in contrast to CD95, cytochrome c release in druginduced apoptosis is not controlled by the action of caspase-8 or another proximal caspase.
There is circumstantial evidence that Bcl-2 proteins exert their anti-apoptotic eects by other mechanisms than inhibition of cytochrome c release. It has been reported that Bcl-2 may interact in the apoptosome as a ternary complex with caspase-9 and Apaf-1 (Hu et al., 1998) or even inhibit DISC formation (Kawahara et al., 1998) , although these ®ndings are controversial (Moriishi et al., 1999) . In a similar context, it was shown that caspase-8 forms a complex with Apaf-1 (Hu et al., 1998) , which implies that anticancer drugs activate caspase-8 downstream of mitochondrial damage. Supportive for an interaction of Apaf-1 with caspase-8 might be the solution structure of the Apaf-1 CARD domain, which is structurally related to the DED of FADD (Qin et al., 1999; Day et al., 1999) . To investigate whether caspase-8 could function as an initiator caspase in the mitochondrial pathway, we used caspase-8-de®-cient Jurkat cells. In the absence of caspase-8 CD95-mediated apoptosis, PARP cleavage and activation of caspases was completely inhibited, whereas druginduced responses were unaected. Similar data were obtained in Jurkat cells transfected with a dominantnegative mutant of caspase-8 (data not shown) and have been recently substantiated in knock-out mice (Varfolomeev et al., 1998) . These data also indicate that other receptor-associated pathways including activation of Daxx, RAIDD/caspase-2 or caspase-10 have, at least in Jurkat cells, little importance for the CD95 pathway. Figure 7 Schematic diagram of death receptor and mitochondrial pathways and of the relative position of caspase-8. The death receptor pathway (left) is initiated upon receptor ligation, resulting in the recruitment of the adaptor protein FADD through interaction between the death domains (DD). The death eector domain (DED) of FADD in turn recruits procaspase-8 which undergoes autoproteolytic activation. The mitochondrial death pathway (right), which is triggered by many apoptotic stimuli, involves the release of cytochrome c into the cytosol. Cytochrome c, together with dATP, binds to Apaf-1 and in turn allows binding of procaspase-9 through CARD/CARD interaction. The mitochondrial, but not the direct receptor pathway is inhibited anti-apoptotic Bcl-2 proteins. Following activation of the initiator caspase-8 or caspase-9, the two pathways converge on the activation of eector caspase-3, -6, and -7, which leads to the ®nal demise of the cell. Because caspase-8 cleaves Bid and generates a truncated, pro-apoptotic fragment that induces cytochrome c release, both pathways cross-communicate. Unlike in the death receptor pathway, in the receptor-independent mitochondrial pathway caspase-8 functions as a downstream caspase. Since caspase-8 is not processed in caspase-3 de®cient cells by death receptor independent stimuli, its activation is downstream of caspase-3 and most likely mediated after caspase-3-induced activation of caspase-6. In the mitochondrial pathway, caspase-8 may set up selfampli®cation loops and either cleave other caspases or activate Bid, resulting in enhanced cytochrome c release. Bid cleavage can be also mediated by caspases other than caspase-8. In addition, in some cell types death receptor signaling may partially contribute to anticancer drug-induced apoptosis It was unexpected to ®nd that caspase-8-de®cient cells still revealed the pro-apoptotic cleavage of Bid after treatment with anticancer drugs, although CD95-mediated Bid cleavage was abolished. This suggests that Bid can be cleaved also by caspases other than caspase-8. Indeed, our data in caspase-3-transfected MCF7 cells as well as meanwhile published reports (Slee et al., 2000; Tang et al., 2000) suggest that Bid is not only cleaved by caspase-8 but also by caspase-3. Since the caspase-8-independent activation of Bid occurs downstream of the mitochondrial cytochrome c release, it might initiate an ampli®cation loop that enhances the relocalization of cytochrome c by anticancer drugs.
As caspase-8 was obviously not acting as an initiator caspase in drug-induced apoptosis, we investigated the role of caspase-9. Several lines of evidence support the idea that caspase-9 is the essential caspase in many forms of apoptosis (Li et al., 1997b; Kuida et al., 1998; Hakem et al., 1998; Sun et al., 1999) . In addition, although caspase-8 has been initially suggested to interact with Apaf-1, a more detailed analysis showed that caspase-9 is the only Apaf-1 interacting protease in living cells (Slee et al., 1999) . In accordance, our data demonstrate that overexpression of a dominant-negative caspase-9 mutant strongly inhibited both the cleavage of endogenous caspase-9, and -6 as well as of Bid and caspase-8 following drug treatment. Similar results were obtained in HeLa cells overexpressing the CARD region of caspase-9. Interestingly, in both cases also CD95-mediated apoptosis was attenuated, suggesting that Jurkat and HeLa cells represent type-II cells which rely on the mitochondrial branch of caspases for the death process.
The inhibition of drug-induced caspase-8 activation in Bcl-x L and caspase-9 mutant cells demonstrates that caspase-8 activation is a postmitochondrial event. To investigate the order of its processing we further employed caspase-3-de®cient MCF7 cells. In these cells caspase-8 was not activated by anticancer drugs, unless functionally active caspase-3 was re-introduced. However, caspase-3-de®cient cells still activated caspase-9, although to a weaker extent than caspase-3 expressing cells. Our observations are also supported by recent in vitro studies, in which it was shown that caspase-9 cleaves directly caspase-3 and -7, but is unable to process caspase-6 (Srinivasula et al., 1998) . In addition, depletion of caspase-3 from cell extracts abolished cytochrome c-induced processing of caspase-8 (Slee et al., 1999) . In agreement with these in vitro data, we suggest that also in intact cells caspase-8 is activated downstream of caspase-9, most likely following caspase-3-mediated activation of caspase-6 (Figure 7 ). In conclusion, our results suggest that initiator and eector caspases can mutually activate each other giving rise to extensive crosstalk with several positive feedback loops. Furthermore, activation of caspase-8 might not only result from a receptor-dependent oligomerization-induced autocatalysis but also from the direct cleavage by eector caspases and hence locating caspase-8 in the execution phase of apoptosis. Mitochondrially processed caspase-8 may then either cleave other caspases or activate Bid, resulting in enhanced cytochrome c release and speeding up of the death process.
Materials and methods
Cells and reagents
All cell lines were cultured in RPMI-1640 supplemented with 10% heat-inactivated fetal calf serum, 100 units of penicillin/ ml, 0.1 mg streptomycin/ml and 10 mM HEPES (all from Gibco BRL, Eggenstein, FRG). Cells were grown at 378C in a 5% CO 2 atmosphere and maintained in the log phase. The CD95-resistant Jurkat subline, Jurkat-R, was generated by continuous culture in the presence of anti-CD95 mAb (IgG 3 , 1 mg/ml, BioCheck, MuÈ nster, Germany) for 6 months . Caspase-8 de®cient Jurkat cells and the parental Jurkat cell line A3 were kindly provided by J Blenis (Harvard Medical School, Boston, MA, USA) (Juo et al., 1998) . Stable transfectants of Jurkat cells overexpressing c-FLIP (Kataoka et al., 1998) or Bcl-2 were a gift from J Tschopp (Lausanne, Switzerland) and H Walczak (Heidelberg, Germany), respectively. Human breast carcinoma MCF7 cells stably transfected with caspase-3 and the caspase-3-de®cient vector control cells were described previously (JaÈ nicke et al., 1998). The broad-range caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-¯uoromethylketone (zVAD-fmk) was purchased from Enzyme Systems (Dublin, CA, USA). The chemotherapeutic drugs etoposide and mitomycin C were obtained from the clinical pharmacy (Medical Clinics, TuÈ bingen, Germany). Mitomycin C was dissolved in methanol and etoposide in ethanol and kept as stock solutions at 7708C.
Measurement of apoptosis
For determination of apoptosis, 3610 4 cells per well were seeded in microtiter plates and treated for the indicated time with dierent concentrations of anti-CD95 or the chemotherapeutic agents. The leakage of fragmented DNA from apoptotic nuclei was measured by the method of Nicoletti et al. (1991) . Brie¯y, apoptotic nuclei were prepared by lysing cells in a hypotonic lysis buer (1% sodium citrate, 0.1% Triton X-100, 50 mg/ml propidium iodide) and subsequently analysed by¯ow cytometry. Nuclei to the left of the 2 N peak containing hypodiploid DNA were considered as apoptotic. Flow cytometric analyses were performed on a FACScalibur (Becton Dickinson, Heidelberg, Germany) using CellQuest analysis software.
Cell extracts and immunoblotting
Cleavage of caspases and the caspase substrates poly(ADPribose)polymerase (PARP) and Bid was detected by immunoblotting. 2610 6 cells were seeded in 24-well plates and treated with the respective apoptotic stimuli. After the indicated time periods, cells were washed in cold PBS and lysed in 1% Triton X-100, 50 mM Tris, pH 7.6 and 150 mM NaCl containing 3 mg/ml aprotinin, 3 mg/ml leupeptin, 3 mg/ ml pepstatin A and 2 mM phenylmethylsulfonyl¯uoride (PMSF). Subsequently, proteins were separated under reducing conditions on a SDS ± polyacrylamide gel and electroblotted to a polyvinylidene di¯uoride membrane (Amersham, Braunschweig, Germany). Membranes were blocked for 1 h with 5% non-fat dry milk powder in TBS and then immunoblotted for 1 h with rabbit polyclonal antibodies against PARP (Roche Molecular Biochemicals, Mannheim, Germany), caspase-6 (a gift from P Vandenabeele, Ghent, Belgium), caspase-9 (kindly provided from YA Lazebnik, Cold Spring Harbor, NY, USA) (Fearnhead et al., 1998) , mouse mAbs directed against caspase-8 (BioCheck), caspase-3 (Transduction Laboratory, Heidelberg, Germany) or rat anti-Bid polyclonal antibody (kindly provided by J Yuan, Boston, MA, USA) . Membranes were washed four times with TBS/0.02% Triton X-100 and incubated with the respective peroxidase-conjugated anitypuri®ed secondary antibody for 1 h. Following extensive washing, the reaction was developed by enhanced chemiluminescent staining using ECL reagents (Amersham).
Fluorimetric assay of caspase activity
Cytosolic cell extracts were prepared by lysing cells in a buer containing 0.5% NP-40, 20 mM HEPES pH 7.4, 84 mM KCl, 10 mM MgCl 2 , 0.2 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 5 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml pepstatin and 1 mM PMSF. Caspase activities were determined by incubation of cell lysates with 50 mM of thē uorogenic substrate DEVD-AMC (N-acetyl-Asp-Glu-ValAsp-aminomethylcoumarin, Bachem, Heidelberg, Germany) in 200 ml buer containing 50 mM HEPES pH 7.3, 100 mM NaCl, 10% sucrose, 0.1% CHAPS and 10 mM DTT. The release of aminomethylcoumarin was measured by¯uoro-metry using an excitation wavelength of 360 nm and an emission wavelength of 475 nm.
Measurement of cytochrome c release
For analysis of cytochrome c release, 5610 6 cells were collected by centrifugation, washed with ice-cold PBS and resuspended in ®ve volumes of buer A containing 250 mM sucrose, 20 mM HEPES pH 7.5, 1.5 mM MgCl 2 , 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF, 10 mg/ml leupeptin and 10 mg/ml aprotinin. The cells were homogenized with 12 strokes in a douncer and the homogenates were centrifuged at 1000 g for 10 min at 48C to remove cell nuclei. The supernatants were transferred to a fresh tube and centrifuged at 10 000 g for 10 min at 48C to deplete mitochondria. The resulting supernatants designated as cytosolic S10 fraction from each sample were loaded on a 15% SDS ± polyacrylamide gel. Cytochrome c release was analysed by immunoblotting with the mouse mAb 7H8.2C12 (PharMingen, Hamburg, Germany).
Cell transfections
An expression vector encoding a dominant-negative caspase-9 mutant, in which the active cysteine was mutated to an alanine (C287A), was kindly provided by ES Alnemri (The Kimmel Cancer Institute, Philadelphia, PA, USA). The expression vector for Bcl-x L was a kind gift from CB Thompson (Chicago). Electroporation was performed using a Gene pulser II electroporator (Biorad, Munich, Germany). Brie¯y, 10 8 Jurkat cells were washed twice in TBS buer pH 7.4 prior to transfection. Twenty-®ve mg of DNA was electroporated with 135 mF and 500 V. Jurkat cells were selected with 800 mg/ml G418 (Clontech, Heidelberg, Germany). The parental plasmid pcDNA-3 (Invitrogen, Leek, Netherlands) was used as a vector control. Protein expression was monitored by immunoblotting using an anti-Bcl-x L (Transduction Laboratories) or anti-caspase-9 antibody. A construct encoding a fusion protein of the caspase-9 prodomain (amino acids 1 ± 163) and GFP (pCasp9-GFP) was cloned by polymerase chain reaction into the EcoRI and BamHI sites of pEGFP-N1 (Clontech). HeLa cells stably overexpressing pCasp9-GFP were generated by transfection with Superfect (Qiagen, Hilden, Germany) and subsequently selected in 600 mg/ml G418. After 2 weeks 100 ± 200 individual colonies were pooled, expanded and enriched for high expression by three cycles of cell sorting using a FACStarplus (Becton Dickinson). HeLa cells stably overexpressing the GFP control have been described previously (Wajant et al., 1998) .
